• Plasticity of remaining yield components can reduce the impact of late season stand losses.
H ail events occur every year damaging crops. In 2012, for example, hail loss indemnities of more than US$385 million were paid to agricultural producers in the United States (Rain and Hail Insurance Society, 2013) . Fortunately, producers have the ability to ensure against hail losses. Producer adoption of crop hail insurance for corn in the central and northern Great Plains is well established. Th e average annual value of hail insurance policies written in Kansas from 1990 to 2012 was more than $285 million with an average annual indemnity of more than $10.2 million paid to policyholders (M. Zarnstorff , National Crop Insurance Services, personal communication, 2014) . Over that same time period the average annual value of hail insurance policies exceeded $102 million in North Dakota with an average indemnity of $4.2 million. Effi cient and proper implementation of insurance policies are reliant on fi eld evaluation techniques that can accurately predict crop losses from hail damage occurring across a wide range of growth stages throughout the growing season.
Hail has the ability to reduce corn grain yields through multiple mechanisms. Hail damage to plants that remain intact reduces leaf area resulting in reductions of light interception, assimilate production, and corn grain yields (Vasilas and Seif, 1985; Shapiro et al., 1986; Hicks et al., 1977) . Intact plants typically suff er bruising to the stalks and have exposed plant tissues. Th is provides a condition favorable to entry of pathogens (Jackson et al., 2007; Bradley and Ames, 2010) , which can reduce grain yield during the kernel set and grainfi ll periods, or can result in substantial yield losses due to reductions in harvestability. Hail damage can also change crop-weed dynamics and result in ancillary issues such as increased competition from various weed species (Currie and Klocke, 2008) .
Current fi eld evaluation techniques for stand reduction by hail damage apply to corn from the V5 (Abendroth et al., 2011) through the milk stage (USDA-Federal Crop aBstraCt Hail insurance adjustment procedures for corn (Zea mays L.) in the United States prior to 2014 assumed that yield reductions from V9 through milk stage were linear with stand reduction on a percentage basis. Other research suggests that corn plants retain some level of yield plasticity past the V9 growth stage. Some methods of estimating yield reductions may not be appropriate for modern hybrids and management practices. Field trials were conducted in the central Great Plains near Garden City, KS, in 2008 KS, in , 2009 KS, in , and 2011 and the northern Great Plains near Prosper, ND, in 2008 to 2010. Corn stands were reduced in a factorial of rates (0, 25, 50, and 75%) and timings (V5, V8, V11, and V14). Grain yields declined 17.2% at Garden City and 10.7% at Prosper as the timing of stand reduction progressed from V5 to V14. Yield declined 57.7% at Garden City and 54.2% at Prosper as the rate of reduction increased from 0 to 75%. Th e relative importance of ears plant -1 , kernels ear -1 , and kernel weight varied with timing of stand reduction. Grain yields were not reduced on a 1:1 basis by stand reductions occurring at V11 and V14. Th e yield plasticity of remaining plants at V11 was similar to that at V8. Th e results suggest that adjustment procedures for late season stand reductions, especially near V11, need to adequately refl ect plasticity in corn yield components.
Insurance Corporation, 2013). Corn smaller than V5 is considered fully recoverable from hail damage as the growing point remains below the soil surface. At any time from the V5 until the V9 stage, a hail stand reduction loss (Nafziger, 2006) . Plants remaining after a 50% stand reduction from 16 to 8 plants m -2 (64,777 to 32,389 plants acre -1 ) increased their rate of leaf area expansion (Page et al., 2010) , which would lead to increased levels of assimilate production on a per plant basis, a key driver for kernel set and grain fill.
Historical adjustment procedures assumed uniform plasticity in yield plant -1 from the V5 through V9 stages and that no plasticity in yield plant -1 exists after the V9 growth stage. Updated procedures attempt to incorporate the yield plasticity of remaining plants in their estimates, but assume uniform plasticity for stand reductions occurring within the V5 through V8 and V9 through V15 growth stages. We hypothesized that corn plants have more yield plasticity in response to in-season stand reductions than the adjustment procedures recognize. The objective of this work was to evaluate the ability of corn plants to compensate for reductions in stand at various growth stages under central and northern Great Plains growing conditions. (27.7 in) .
Materials and Methods

Production Management
Field trials at the Garden City location were grown under center-pivot sprinkler irrigation. Corn was planted into a conventional-till tillage system, typically in the first week of May. Corn was planted at a target rate of 8.9 plants m -2 (36,000 seeds acre -1 ). Hybrids used in the study were NK N70-C 3000GT (112-d maturity), in 2008 and Pioneer 33B54 (113-d maturity), in 2009 and 2011. After all seedlings had emerged, stands were hand thinned to 8.4 plants m -2 (34,000 plants acre -1 ) prior to initiating treatments. Plots measured four rows wide by 9.1 m (30 ft) long. Row spacing was 76 cm (30 in). Soil fertility at the site was managed to be non-limiting for expected yields under full irrigation. Glyphosate [N-(phosphonomethyl)glycine] was used as a burndown herbicide prior to planting. Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,2,5-triazine) and Balance Pro (5-cyclopropyl-4-(2-methylsulfonyl-4-trifluoromethylbenzoyl) isoxazole) were applied pre-plant to provide residual weed control. . After all seedlings had emerged, stands were hand thinned to 6.9 plants m -2 (28,000 plants acre -1 ) prior to initiating treatments. Plots measured four rows wide by 9.1 m (30 ft) long. Row spacing was 76 cm (30 in). Soil fertility at the site was managed to be non-limiting for expected yields. Two applications of glyphosate were applied for weed control.
Hybrids at both locations were selected due to their local popularity and represent a hybrid "type" that producers would use on the majority of land area in each respective region. Nutrient management at both locations was sufficient to produce potential grain yields of 15.7 Mg ha -1 (250 bu acre -1 ). Treatments at both locations were a complete factorial of four timings of stand reduction: V5, V8, V11, and V14, and four levels of stand reduction: 0, 25, 50, and 75%. At Garden City, these reductions resulted in final plant stands of approximately 8.4, 6.3, 4.2, and 2.1 plants m -2 (34, 25.5, 17, and 8.5 thousand plants acre -1 ). At Prospect, these reductions resulted in final plant stands of approximately 6.9, 5.2, 3.5, and 1.7 plants m -2 (28, 21, 14, and 7 thousand plants acre -1 ). Plants were selected for removal based on their sequential position in the row and the output of a random number generator. Stand reductions were made by manually cutting the plant stalk near the soil surface using a garden hoe. Severed plants were not removed from the plot area.
Plots were mechanically harvested with a plot combine after reaching physiological maturity. Subsamples of grain were retained for nutrient content analysis and subsequent calculation of protein. Subsamples consisting of 1000 and 500 kernels at Garden City and Propser, respectively, were retained, oven dried to constant mass, and weighed for calculation of kernel weight. Grain moisture content and test weight were obtained with an electronic grain analyzer. Grain yields are reported as adjusted to 150 g kg -1 moisture content. Kernel weight and yield plant -1 are reported on an oven-dry basis. Grain yield expressed as percent of control was calculated for each plot by dividing the individual plot yield by the mean grain yield of the control plots for the respective site-year.
statistical analysis
For field trials at each location, the experimental design was a randomized complete block design with four replications, repeated over years. Year and replication within year were assumed as random effects. The treatment structure was nominally a 4(reduction) × 4(timing) factorial arrangement. However, the presence of a 0% stand reduction present at each level of timing created a "zero level problem". Therefore, data from the four 0% treatments were pooled into a common control. Thus, the treatment structure was a 3(rate) × 4(timing) factorial plus the control and were analyzed as a fixed oneway. Two analyses were performed for each location. The first analysis (Tables 1 and 2 ) tested the control against the other 12 treatments for each measured or calculated attribute using Dunnet's Adjusted P (Milliken and Johnson, 2009 ). The second analysis tested the rate and timing main effects and the rate × timing interaction using contrast statements (Tables 3 and 4) . For both analyses, the MIXED procedure in SAS software version 9.1.3 (SAS Institute, 2003) was used to obtain F tests for fixed effects, means for the 13 treatment combinations via the LSMEANS statement (analysis 1), and estimate statements to obtain main-effect means for the three levels of rate and for the four levels of timing (analysis 2). results At each location, grain yield and other attributes of the pooled control were compared to each treatment in the study using Dunnett's Adjusted P (Tables 1 and 2 ). At Garden City the control produced equivalent grain yields as a 25% reduction at V5, V8, or V11 (Table 1 ). All other treatments produced grain yields lower than the control. In contrast to Garden City, at Prosper grain yields were lower for all stand reduction treatments relative to the control (Table 2) . Rate and timing main effects were detectable for most measured attributes at both Garden City (Table 3) and Prosper (Table 4) . However, a rate × timing interaction was not detected for any measured property at either location.
At Garden City, growth stage timing of stand reduction affected every yield component except ears plant -1 (Table 3) . Level of stand reduction affected every measured property at Garden City. Differences existed between every level of stand reduction except between 25 and 50% for moisture, ears plant -1 , and protein, and between the 50 and 75% levels for kernels ear -1 and kernel weight ( Table 3) . As stand reduction level increased from 25 to 75% all yield components compensated. Ears plant -1 increased 14.4%, kernels ear -1 increased 35.9%, and kernel weight increased 6.2%. These yield components together resulted in yield plant -1 increasing 61.1%. Grain quality as defined by protein also increased 6.1% as level of stand reduction increased from 0 to 75% (Table 3.) As timing of stand reduction progressed later from V5 to V14 at Garden City, grain yields were reduced 17.2% (Table 3) . Yield differences were only present between V5 vs. V14 and V8 vs. V14. Stand reductions at V11 resulted in equivalent grain yields as stand reductions made at V14. Across the range of timings, kernels ear -1 declined 14% and yield plant -1 declined 16.6% (Table 3 ). Grain protein was higher when stands were thinned at V14 than at V8 or V5.
At Prosper, growth stage timing of stand reduction affected every yield component except for kernels ear -1 (Table 4) . As the timing of stand reduction progressed from V5 to V14, grain yields were reduced 10.7%. Grain yields were different for all timings except V8 vs. V11 and V11 vs. V14. As timing of stand reduction was moved from V5 until V14, ears plant -1 was reduced by 14% from 1.27 to 1.09 (Table 4) . Additionally, kernel weight declined 5.7% which further contributed to an overall decline in yield plant -1 of 10.3% (Table 4) . Grain protein content was unaffected by timing of stand reduction. Grain yield as a percentage of control was different among every set of stand reduction timings except V8 vs. V11 (Table 4) . As level of reduction increased from control to 75% at Prosper, grain yields were reduced 54.2% (Table 4) . Yield plant -1 increased 28.9% across this same range indicating compensation from remaining plants. Ears plant -1 provided the largest source of compensation, increasing 29.7% as the level of stand reduction increased from control to 75%. Ears plant -1 was different among every level of stand reduction except between 25 and 50% reduction which together averaged 1.09 compared to 1.01 for the control and 1.31 for the 75% removal level (Table 4) . However, ears plant -1 was only different than the control when stands were reduced 75% at the V5 and V8 growth stages (Table 2 ). Kernels ear -1 also increased 12.6% across increasing levels of stand reduction, although there was no difference between 25 and 50% removal. Kernel weight was unaffected by amount of stand reduction. Grain protein content was higher under 75% stand reduction than 25%. Grain yield as a percentage of control was different among every combination of stand reduction levels (Table 4) . disCussion Hail adjustment procedures in use prior to 2014 inherently assumed limited yield plasticity and that a producer was planting at or below the optimal plant density. Those procedures projected a yield loss when stand was reduced by more than approximately 5 to 7.5% from V5 through V7 growth stages (USDA-Federal Crop Insurance Corporation, 2010). Data from the Garden City location indicate that stand reductions of up to 25% can occur as late as V11 without reducing final grain yield (Table 1) . Nafziger (2006) likewise reported in Illinois that a 25% stand reduction at V7 did not reduce grain yields. From a management perspective, this may indicate that seeding rates are higher then necessary to maximize yields. Shapiro et al. (1986) observed that in-season stand reductions could increase grain yields if the seeding rate was higher than the environment could support. However, if a producer is seeding at or below the optimal seeding rate, reductions in stand will impact yields regardless of the yield plasticity exhibited by remaining corn plants, simply due to the reduction in stand (Nafziger, 2006) . If central Great Plains producers maintain current practices with regard to seeding rate, the data in the present study indicate that a moderate amount of stand reduction through poor emergence, herbicide damage, insect damage, or hail can be tolerated without economic loss, assuming random spatial arrangement of destroyed plants. The same was not true at Prosper where any reduction of stand at any timing resulted in reduced grain yield relative to the control (Table 2) . The production environment at Prosper is more limited by growing season length, light interception, and cumulative heat units than at Garden City. As a result, hybrids with shorter maturity are grown. Shorter maturity hybrids have compressed growth stages with respect to time, and the time allocated to each yield component determination is reduced. This is reflected in the differing responses of yield components to in-season stand reductions. For example, as stand reduction increased from 0 to 75%, yield plant -1 at Garden City increased 61.1% while an increase of only 28.9% was observed at Prosper. In general, the kernel-related yield components, kernels ear -1 and kernel weight, were less responsive to in-season stand reductions at Prosper than Garden City.
The lack of a timing × level of reduction interaction in this study was somewhat unexpected as a similar study reported the presence of an interaction (Coulter et al., 2011 ). An interaction would be intuitive as yield components that are set relatively earlier in the season, that is, ears plant -1 would be expected to provide less compensation as the timing of stand reduction was moved later into the growing season. Conversely, yield components set late in the season, that is, kernels plant -1 and kernel weight would be expected to provide more compensation as the timing of stand reduction progressed later into the growing season.
At both Garden City and Prosper, the level of stand reduction had a much larger impact on yield components and grain yield than did timing of stand reduction. Similar work in Nebraska not only found timing to be less important, but failed to identify a relationship between timing of stand reduction and grain yield (Shapiro et al., 1986) . At both Garden City and Prosper, when averaged across levels of reduction, yield plant -1 decreased as the thinning occurred later in the season. This decrease indicates that the compensatory ability of remaining plants is reduced as the stand reduction occurs later into the growing season. This is apparent for the kernel weight yield component and the ears plant -1 yield component at Prosper (Table 4 ) and the kernels ear -1 yield component at Garden City (Table 3) . The ears plant -1 yield component demonstrated a negative numerical trend at Garden City with respect to timing of stand reduction, however it was of a much smaller magnitude than at Prosper.
At both Garden City and Prosper, yield plant -1 increased as stand reduction was more severe, with the response at Garden City being more than twice that observed at Prosper. Our findings agree with those of Coulter et al. (2011) who reported that yield plant -1 increased as timing of stand reduction occurred earlier and reductions became more severe. At Garden City, the increases in yield components as stand reduction increased were driven primarily by stand reductions above 25%. At the 25% reduction level, kernel weight at the V11 timing was the only yield component different than the control (Table  1) . Additionally, kernels ear -1 was never different than the control at the 25% reduction level.
Kernel weight was different relative to the control for most treatments at Garden City (Table 1) and was affected by both timing and level of stand reduction (Table 3) . A trend of increasing kernel weight with increased level of stand reduction was evident. Response to kernel weight was limited at Prosper with plants remaining after stand reduction at V5 having heavier kernels than those remaining after the V11 or V14 thinning. Previous work has reported that stand reductions at V5 to V7 growth stages (Hashemi et al., 2005) , and as late as 50% silking (Frey, 1981) increased kernel weight. Increased kernel weight as a result of stand reductions likely resulted from increased grain-fill duration rather than grain-fill rate (Andrade and Ferreiro, 1996) .
At Garden City, stand reduction occasionally resulted in increased kernels ear -1 , most notably in the 75% removal at V5, V11, and V14 and the 50% removal at V5 and V14 (Table  1) . Increased kernels plant -1 is a typical response to decreasing plant density (Tollenaar, 1992) . Wilson and Allison (1978) reported increased kernel number in remaining plants when stands were reduced at various times prior to flowering and Mortimore and Gates (1969) reported the same when stand reductions occurred prior to mid-silk. The kernels ear -1 yield component played a larger role in the compensation of remaining plants at Garden City than at Prosper. Kernels ear -1 was largely unaffected for the 25 and 50% stand removal levels at Prosper. However, kernels ear -1 was reduced relative to the other treatments when stands were reduced 75% at Prosper. This was accompanied by a large relative increase in ears plant -1 at the 75% reduction level which likely contributed to the reduction in kernels ear -1 while overall kernels plant -1 increased. An additional factor to consider in the reduced kernels ear -1 is the possibility in some environments that very sparse plant stands can act as a stress, as remaining plants are much more exposed to environmental damage inflicted by heat and wind (Tollenaar, 1992) .
Ears plant -1 was the most important yield component in the yield plasticity of remaining plants at Prosper (Table 4) . This was most apparent at high levels of stand reduction occurring early in the season as evidenced by ears plant -1 in the 75% reductions at V5 and V8 relative to the control (Table 2) . Mortimore and Gates (1969) reported increased ears plant -1 when stands were reduced in-season. Reduced inter-plant competition results in more assimilate within the plant leading to the initiation of secondary ears. At Garden City, compensation in the ears plant -1 yield component occurred as late as the V11 growth stage when under conditions of 75% stand removal (Table 1) . Xu et al. (2004) reported that even for non-prolific hybrids, the ears plant -1 yield component did not become completely fixed until between V11 and R2.
At both Garden City and Prosper grain protein content increased as stand reduction level increased, particularly from 25 to 75%. This response at Prosper was likely driven by the reduction in kernels ear -1 which allowed N in the plant to be concentrated into fewer kernels as it was remobilized during grain fill. At Garden City, larger kernels, exhibited by increased kernel weight, allowed more N to be accumulated into the kernel.
Yield reduction estimations made at V5 and V8 agreed reasonably well with measured values (Table 5) for both the pre-and post-2014 estimation procedures, indicating that the procedures adequately incorporate yield plasticity of remaining plants for stand reductions occurring in the V5 through V9 growth stages. Grain yield as a percentage of control and all yield components were not different between V8 and V11 removal timings at both Garden City and Prosper (Tables 3 and 4) . However, stand reductions due to hail are currently evaluated differently at these two growth stages. The largest errors between observed grain yields and those predicted by a hail loss adjustment procedure, occurred for stand reductions performed at the V11 growth stage and estimated with the pre-2014 procedure (Table 5 ). Data from this study indicate that adjusting yield on a 1:1 basis overestimates yield losses for a wide range of stand reductions occurring at V11 and for reductions in excess of 25% at V14. Coulter et al. (2011) reported similar findings with larger errors at V11 than at V5, V8, or V15. An estimation that allows for some yield plasticity up to V14 is generally more accurate as evidenced by the smaller estimation errors from the post-2014 procedure (Table 5) . Applying the hail loss adjustment from the post-2014 procedures reduced the largest error rates for V11 and V14 timings at Garden City from -21 and -18% to -9 and +6%, respectively (Table 5) . At Prosper, the largest errors for the V11 and V14 timing were reduced from -20 and -12% to -3 and +9%, respectively (Table 5) .
ConClusions
Although the hybrids used in this study are representative of those used on the majority of land areas in the respective production regions, it is quite possible that an evaluation of different hybrids that differ in prolificacy and ear flex may produce different results. This study likely underestimates the yield losses that would result from a hail event achieving the simulated stand reductions as no defoliation was performed. However, the results of this study give important insight into the yield plasticity of corn plants, even late into the growing season.
The differences in response to in-season stand reductions observed at the two locations are likely somewhat due to differences in hybrid maturity. Region specific hail loss adjustment procedures reflective of production environment and typical hybrids may be warranted to improve accuracy of yield loss estimations.
The largest errors in yield estimation for the pre-2014 procedure occurred for stand reductions at the V11 growth stage. Reductions made on 1:1 basis overestimated yield losses an average of 17% of the control yield. Application of an estimation procedure that allows for yield plasticity of remaining plants at the V11 and V14 stages, such as the post-2014 procedure, more accurately estimates grain yield. Yield estimates for stand reductions at the V5 and V8 growth stages closely resembled observed yields.
The results of this study support the findings of others (Shapiro et al., 1986; Coulter et al., 2011) in suggesting that insurance adjustment procedures in use prior to 2014 did not adequately account for the yield plasticity of plants remaining after a late-season stand reduction. Adjustment procedures revised for use in the 2014 and subsequent crop years predicted yield losses generally in agreement with field observations in this study. Limitations to this study revolve around the fact that hail damage is never limited strictly to stand reduction. Hail damage resulting in stand reduction is always in conjunction with reduction of leaf area and damage to the tissue of remaining plants. Although this study documented the yield plasticity of remaining healthy plants in the presence of in-season stand reductions, it leaves unanswered questions regarding the yield plasticity of damaged plants that would remain following a stand-reducing hail event. It is reasonable to assume that the yield plasticity of healthy plants is greater than that of damaged plants. Therefore, this study likely overestimates yield plasticity in an actual hail damage scenario. However, the magnitude of yield underestimation for late-season stand reductions using pre-2014 adjustment procedures indicates that, despite the limitations of this experiment, the newly implemented procedures are more accurate in their loss estimations. Table 5 . Observed grain yields across years, estimated grain yields using pre-and post-2014 adjustment procedures, and errors expressed as percent of control for varying levels and timings of corn stand reduction at Garden City, KS, and Prosper, ND. 
